Hypoglycemia is a physiological stress that leads to the release of stress hormones, such as catecholamines and glucocorticoids, and proinflammatory cytokines. These factors, in euglycemic animal models, are associated with stress-induced hyperalgesia. The primary aim of this study was to determine whether experimental hypoglycemia in humans would lead to a hyperalgesic state. In 2 separate 3-day admissions separated by 1 to 3 months, healthy study participants were exposed to two 2-hour euglycemic hyperinsulinemic clamps or two 2-hour hypoglycemic hyperinsulinemic clamps. Thermal quantitative sensory testing and thermal pain assessments were measured the day before and the day after euglycemia or hypoglycemia. In contrast to prior euglycemia exposure, prior hypoglycemia exposure resulted in enhanced pain sensitivity to hot and cold stimuli as well as enhanced temporal summation to repeated heat-pain stimuli. These findings suggest that prior exposure to hypoglycemia causes a state of enhanced pain sensitivity that is consistent with stress-induced hyperalgesia. This human model may provide a framework for hypothesis testing and targeted, mechanism-based pharmacological interventions to delineate the molecular basis of hyperalgesia and pain susceptibility.
Introduction
There is a complex relationship between stress and pain. Paradoxically, intense stress may both suppress and enhance pain sensitivity, phenomena known respectively as stress-induced analgesia and stress-induced hyperalgesia [39] . The physiological mechanisms and neural circuitry that underlie stress-induced analgesia are well established [35, 39] , although these are not as well elucidated for stress-induced hyperalgesia [24, 29] .
Hypoglycemia is a physiological stress that leads to activation of the hypothalamic-pituitary adrenal axis and sympathoadrenal system. The resulting increases in circulating levels of glucocorticoids and catecholamines serve as a counterregulatory defense against a decrease in blood glucose. Hypoglycemia also evokes increases in proinflammatory cytokines [14, 28] . These are core features of the stress response [26] and are implicated in the mediation and modulation of pain and in animal models of stress-induced hyperalgesia [13, 21, 22 ].
An episode of hypoglycemia results in neurobiological changes that may persist for days. Antecedent hypoglycemia impairs the counterregulatory metabolic and autonomic responses to subsequent hypoglycemia, thus increasing susceptibility to a vicious cycle of recurrent hypoglycemia [11] . We have shown that antecedent hypoglycemia also impairs the autonomic response to a nonhypoglycemic autonomic stress, suggesting that the effects of prior hypoglycemia on the response to provocations are not specific to a hypoglycemic stress but are more generalized [1] . The effects of antecedent hypoglycemia on pain processing are not known.
There are several animal models of stress-induced hyperalgesia [13,22,31,37]. There are no human models. We hypothesized that the stress of antecedent experimental hypoglycemia would result in a posthypoglycemic state characterized by enhanced pain sensitivity consistent with stress-induced hyperalgesia.
Research design and methods

Study population
Subjects were recruited through local advertisements and electronic postings. All participants were screened with a complete medical history, physical examination, complete blood count, electrolytes, blood urea nitrogen, creatinine, glucose, liver enzymes, hemoglobin A1c, and electrocardiogram. Subjects with abnormal blood or urine chemistries, diabetes, body mass index P30 kg/ m 2 , reported use of steroids within the last year, postmenopausal
